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Photoelectron spectroscopy of para-benzoquinone cluster anions 
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Department of Chemistry, Durham University, Durham DH1 3LE, United Kingdom. 
 
 
Abstract 
The photoelectron spectra of para-benzoquinone radical cluster anions, (pBQ)n– (n = 2 – 4), 
taken at hv = 4.00 eV are presented and compared the photoelectron spectrum of the 
monomer (n = 1). For all cluster, a direct detachment peak can be identified and the 
incremental increase in vertical detachment energy of ~0.4 eV n–1 predominantly reflects the 
increase in cohesion energy as the cluster size increases. For all clusters, excitation also leads 
to low energy electrons that are produced by thermionic emission from ground electronic 
state anionic species, indicating that resonances are excited at this photon energy. For n = 3 
and 4, photoelectron features at lower binding energy are observed which can be assigned to 
photodetachment from pBQ– for n = 3 and both pBQ– and (pBQ)2– for n = 4. These 
observations indicate that the cluster dissociates on the timescale of the laser pulse (~5 ns). 
The present results are discussed in the context of related quinone cluster anions. 
 
 
 
 
 
*j.r.r.verlet@durham.ac.uk  
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I. Introduction 
Quinones are a class of cyclic diketone compounds which have significant biological 
relevance due to their ubiquitous role as an electron acceptor in nature. Of the various 
processes involving quinones, the function of ubiquinone and plastoquinone within the 
electron transport chains of respiration and photosynthesis, respectively, is particularly 
prominant.1,2 Quinones have also been explored in replicating natural photosynthetic 
processes for the purpose of energy generation.3,4 The central moiety common to all quinone 
derivatives5 that is responsible for their electron accepting properties is benzoquinone,6 with 
the para-benzoquinone (pBQ) structural isomer being the most common.5 Owing to its 
simple structure and abundance in nature, pBQ can be viewed as an “electrophore” – a 
chemical moiety with an efficient electron acceptor ability.7 This ability is closely related to 
the dynamics of the resonances of the pBQ anion, pBQ–.8,9 Consequently, much work has 
been carried out towards understanding the resonances of pBQ–.6–31 However, in nature and 
in many synthetic systems, quinones are often found as dimers32,33 and this leads to the 
natural question: how do the resonance dynamics change in pBQ oligomer anions, (pBQ)n–? 
From a materials perspective, oligomer dynamics are of key importance in understanding 
bulk properties. Much less is known about the photophysics of such clusters. Here, we 
explore how the oligomerisation of the singly charged pBQ anion affects the photoelectron 
spectroscopy. 
pBQ has a large positive electron affinity (1.860 ± 0.005 eV) and is therefore capable 
of forming stable anions.8 As the anion formation process is mediated by temporary excited 
states of the anion (resonances), there have been many studies aimed at characterising the 
spectroscopy and resonances of pBQ– and, moreover, to elucidate the photophysical 
processes involved in stable anion formation.6,10,12–16,25,34 Schiedt and Weinkauf measured the 
photodetachment cross section of the jet-cooled radical anion within the 2.0 – 2.5 eV photon 
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energy range and identified several resonances above threshold.8 At photon energies resonant 
with resonances, the dominant detachment pathway was an indirect autodetachment channel 
(as opposed to the direct detachment pathway). 2D photoelectron spectroscopy of the anion 
resonances of pBQ– have confirmed the presence of the previously reported 2Au shape 
resonance and the 2B3u Feshbach resonance, both at ~ 2.5 eV.9,22 Time-resolved photoelectron 
spectroscopy and ab initio calculations were able to probe the decay mechanism of the 
resonances, which showed that internal conversion on a ~20 fs timescale was able to compete 
with autodetachment from the initially populated 2B3u resonance. This extremely fast decay 
provided an explanation of the efficiency of pBQ as an electron acceptor.35 Prior to these 
works, Brauman et al. focused on finding evidence for a specific type of metastable doorway 
state in the electron attachment processes of radical benzoquinone: a dipole-bound state.25 
Although para- and ortho-benzoquinone have similar electronic structures, the dipole 
moments of the isomers differ significantly, and as such, only oBQ is capable of sustaining a 
dipole bound state. This difference was reflected in the photodetachment action spectra of the 
benzoquinones for which oBQ– showed resonances associate with the dipole-bound state, 
while pBQ– did not.25 
In addition to experiments using the anion as a starting point, the resonances of pBQ– 
have been the subject of many electron scattering experiments.10–21 In general, the 
photoelectron and photodetachment spectroscopy is in agreement with these studies, although 
positions of resonances differ because of the differing initial geometries. Finally, pBQ– 
resonances have also been the subject of several theoretical studies including scattering 
calculations and high-level electronic structure calculations.7,26–31,33,36 Again, a generally 
consistent picture has emerged about the photophysics of the resonances of pBQ– that is in 
overall agreement with the experimental work using many different methodologies. 
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In contrast to the wealth of information regarding the spectroscopy and dynamics of 
pBQ–, only a few studies have considered the clusters of related molecules. In electron 
scattering experiments, studying clusters is more challenging, as mass-selection of the initial 
neutral target is not possible. Experiments starting from anionic clusters do not suffer from 
this restriction. The group of Brauman studied the photodetachment spectroscopy of para-
toluquinone dimer (pTQ)2–.24 In this, they found that a bound charge transfer state (called a 
charge-resonance state, but we avoid this nomenclature for clarity here) that was present at hv 
~ 1.9 eV resulted in the dissociation of the cluster: (pTQ)2– + hv → pTQ + pTQ–. Our group 
has also studied clusters of para-toluquinone (pTQ)n– (n ≤ 3) by 2D photoelectron 
spectroscopy.37 This showed some indirect evidence that the dimer dissociated above 
threshold, while the trimer revealed interesting valence to non-valence internal conversion 
dynamics near threshold, in which the non-valence state observed presented the first example 
of a predominantly correlation-bound state.38 While pTQ can be viewed as a good 
approximation to pBQ, we were previously not able to produce pBQ cluster anions in the 
electrospray source.9 Here, we have generated (pBQ)n– (n ≤ 4) using a molecular beam source 
and we present its photoelectron spectroscopy at hv = 4.00 eV (310 nm). This shows the 
dimer does not undergo fragmentation following excitation, while the trimer and tetramer 
dissociate to give anionic and neutral fragments. 
 
II. Experimental & Computational Details 
The experimental setup has previously been discussed in detail elsewhere.39 As such, 
only a brief summary is given here. Solid pBQ was heated to 113 °C in a pulsed Even-Lavie 
valve,40 prior to the molecular vapour being expanded into vacuum using Ar as backing gas 
(3 bar). The resulting molecular beam was crossed by an electron beam (300 eV) at the throat 
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of the expansion. Ion packets containing (pBQ)n– (n ≤ 4) were mass-selected using a Wiley-
McLaren time-of-flight spectrometer41 before being intersected by nanosecond laser pulses 
from a tuneable Nd:YAG pumped optical parametric oscillator. The resulting photoejected 
electrons were accelerated towards a position sensitive detector in a velocity map imaging 
spectrometer,42,43 allowing the electron kinetic energy (eKE) of the photoelectrons to be 
determined. Photoelectron spectra were reconstructed from raw images using the polar onion 
peeling algorithm44 and were calibrated using the known photoelectron spectrum of I –. The 
spectra have a resolution of ∆eKE/eKE < 3%.  
Computational methods were employed to elucidate the structure of the radical 
(pBQ)n– produced and probed in the experiment. First, the configurational space of (pBQ)n– 
was explored for n = 2 – 4 through a sequence of energy minimisation calculations using the 
SANDER functionality within the AMBER18 molecular dynamics package.45 Although not a 
comprehensive analysis of configurational space, these calculations provided an indication of 
the dominant interactions, which govern the structure of the oligomer anion. Starting with the 
dimer, Restrained Electrostatic Potential (RESP) charges (HF/6-31G*) were assigned to one 
pBQ monomer (net –1 charge) and the other pBQ monomer remained neutral (zero net 
charge).  For these two species, the minimisation calculations commenced from a series of 
5000 random starting positions and orientations, in which the neutral monomer was 
positioned around the anionic monomer, distributed on spheres of radii between 3 and 15 nm.  
Minimisation calculations evolved from each of these starting positions using the Generalised 
Amber Force Field and RESP charges.46 From this, a number of possible local minima were 
identified, which served as initial starting structures for Density Functional Theory (DFT) 
calculations. For (pBQ)3– and (pBQ)4–, the minimisation procedure was extended to allow 
random starting configurations for three and four species, by placing two and three randomly 
oriented monomers around a central anionic pBQ. 
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DFT optimisation calculations were performed commencing from the AMBER 
minimised configurations at the ωB97XD/6-31+G* level of theory using Gaussian09.47,48 
This functional was specifically designed with an emphasis on non-bonded interactions. 
Minimum energy structures were confirmed using vibrational analysis. For comparative 
purposes, the optimised geometry of the radical monomer anion was also computed using 
DFT at the same level of theory. 
 
III. Results & Analysis 
A. Experimental 
Photoelectron spectra were obtained for (pBQ)n– (n = 2 - 4) at hν = 4.00 eV and were 
compared to that of pBQ–, which had been measured at hν = 4.20 eV. Note that the spectrum 
of pBQ– at 4.20 eV is almost identical as that at 4.00 eV (in terms of binding energy) and was 
taken at this photon energy to capture the triplet state of the neutral which served as an 
internal calibration.23 The area-normalised spectra are displayed in Figure 1, where they have 
been plotted in terms of electron binding energy (eBE = hv – eKE). The photoelectron 
spectrum of pBQ– shows a broad Gaussian-like feature centred around eBE ~ 2.2 eV. This 
band represents the direct detachment process in which an electron is instantaneously 
photoejected from the electronic ground state of the monomer anion to that of neutral pBQ. 
The large spectral width of the peak arises from the significant difference in geometry 
between the anion and neutral. By measuring the eBE at which the onset and maximum of the 
direct detachment band occurs, the adiabatic and vertical detachment energies (ADE and 
VDE), respectively, can be determined. For pBQ–, this yields ADE = 1.85 ± 0.02 eV and 
VDE = 2.24 ± 0.02 eV. These values are in agreement with previous experimentally 
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determined detachment energies of pBQ–.8 The ADE is indicated in Figure 1 as the vertical 
dashed line. 
 
Figure 1 Photoelectron spectra of (pBQ)n– (n = 1 - 4); n = 2 to 4 were taken at hν = 4.00 eV 
and n = 1 at hν = 4.20 eV. Each spectrum has been area normalised and offset vertically for 
clarity. The vertical dashed line indicates the adiabatic binding energy for pBQ–. 
 
Figure 1 also shows the photoelectron spectra of the clusters, (pBQ)n– (n = 2 – 4). The 
photoelectron spectrum of the dimer has a very similar appearance as that of the monomer, 
but blue-shifted by ~ 0.4 eV. The trimer and tetramer show similar bands with similar 
successive increases in binding energy. These peaks can be assigned to direct detachment into 
the continuum. The VDE can be extracted from these spectra as done for the monomer and 
the incremental shift in the VDEs of (pBQ)n– are plotted in Figure 2. By inspection of Figure 
1, assigning the ADE is only possible for the monomer and dimer as photoelectron signal 
obscures the direct detachment peak onset for n = 3 and 4. 
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Figure 2 The trend in vertical detachment energies (VDE) of (pBQ)n– with cluster size, 
determined from experiment (red circles) and theory (blue diamonds). The dashed lined is a 
guide to the eye for the experimental trend in VDE.  
 
In addition to the blue-shifting direct detachment band, a feature peaking at zero 
kinetic energy (eBE = hv = 4.00 eV) is present in the spectra for all values of n > 1. 
Moreover, the spectral profile of these narrow peaks is featureless and has an exponential 
spectral profile. Near-zero kinetic energy peaks that have a Boltzmann-like energy 
distribution are typically signatures of thermionic (statistical) electron emission.49–51 To 
observe such features requires the formation of a hot electronic ground state (with internal 
energy in excess of the electron binding energy) following the interaction with a photon. 
Hence, the observation of thermionic emission suggests that at hv = 4.00 eV, a resonance is 
excited in the clusters that ultimately leads to some ground state products, which emit 
electrons on a longer (typically μs) timescale.  
Perhaps the most striking features in Figure 1 are the photoelectron peaks in (pBQ)3– 
and (pBQ)4– at lower binding energy than the direct detachment peak for these clusters. 
Clearly visible are broad features at eBE ≈ 2.37 and 2.50 eV in (pBQ)3– and (pBQ)4–, 
2.0
2.5
3.0
3.5
4.0
1 2 3 4
Ve
rti
ca
l D
et
ac
hm
en
t E
ne
rg
y 
/ e
V
n
9 
respectively. By inspection Figure 1, the energies of the red-shifted peaks are similar to the 
direct detachment peaks present in the spectrum of the monomer. This is most clearly the 
case for n = 3 although the lower binding energy peak appears slightly blue-shifted and 
broadened compared to the monomer. For n = 4, the peak is significantly broader and blue-
shifted and appears to encompass both the monomer and dimer photoelectron spectra.   
 
B. Computational 
The DFT optimised ground state geometry of pBQ– corresponds to a planar structure 
with D2h symmetry. The VDE of pBQ– was computed to be 2.39 eV. This value is in 
agreement with the DFT computed energy previously reported by Stockett and Nielsen6 and 
lies within ~ 0.2 eV of the experimental value determined here.  
The conjugated nature of pBQ gives rise to a π-electron cloud capable of engaging in 
π-stacking. Additionally, pBQ can also partake in hydrogen bonding through its para-oxygen 
atoms. The balance between these non-covalent interactions can lead to structural ambiguity 
regarding its anionic oligomers. In order to address this, AMBER minimisation calculations 
were performed on (pBQ)2– and five possible configurations of the dimer were identified 
(Figure 3). Two of these configurations appeared to be structurally identical, only 
differentiable by a small rotation of a single ring and the resulting minor difference in the 
AMBER minimisation energy (0.3 meV). As such, these configurations are represented by 
one structural class, labelled IV in Figure 3.  
In the case of configurations I and II, both dimers are assembled in π-stacked 
arrangements (sandwich and T-shaped respectively). This is in contrast to III and IV, in 
which the two molecules of the dimer are associated predominantly through hydrogen 
bonding interactions.  
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DFT calculations commencing from the five AMBER configurations indicated that 
the π-stacked structures, I and II, were the most stable (relative energies (meV) are given in 
parentheses in Figure 3). Finer geometrical changes in the overall structures of I and II were 
noted following the DFT energy minimisation. The most notable of these was a buckling of 
the two oxygen atoms out of the plane of the pBQ ring. In Figure 4(a), the DFT optimised 
structure of the lowest energy configuration is presented for the dimer and clearly shows this 
out-of-plane distortion. Optimisation calculations employing the two configurations 
represented by IV converged to single structure, which was deemed the most energetically 
unfavourable structure. For all DFT configurations, the net charge is predominately localised 
on a single monomer with the other neutral monomer effectively solvating the charge. The 
computed VDE of the dimer is 2.73 eV and is included in Figure 2. 
 
Figure 3 AMBER energy minimised configurations of (pBQ)2–. Different configurations are 
labelled as I – IV and their relative DFT computed optimisation energies are shown in 
brackets in meV. 
I (0) 
III  
(126) 
IV (129) 
II (80) 
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Figure 4 The minimum energy structures of (a) (pBQ)2– and (b) (pBQ)3–. For the dimer, the 
excess charge is localised on the planar, unbuckled fragment. For the trimer, the net charge is 
predominantly localised on the stacked fragment labelled A.  
 
Repeating the AMBER computational process for the trimer anion yielded 14 possible 
minimum energy structures. Broad similarities can be identified between a number of 
configurations, allowing these 14 structures to be separated into 5 overall structural classes. 
Geometries within each class are differentiable through fragment rotations and do not lead to 
significant changes in energies. In fact, DFT energy minimisations of different structures 
within a given class often led to a single structure. A representative geometry from each 
structural class for (pBQ)3– is shown in Figure 5. 
DFT calculations identified class I structures as the most stable and the lowest energy 
structure for the trimer following the optimisation of class I is shown in Figure 4(b). Class I 
configurations consist of two π-stacked fragments in a parallel-displaced arrangement, with a 
third fragment held in place by a combination of quadrupole-quadrupole and hydrogen 
bonding interactions. Similar to the dimer, the charge in the class I structure is largely 
localised on one of the π-stacked monomers. DFT geometry optimisations of the class I 
configuration resulted in significant structural changes, including a translational shift of the 
unstacked fragment and a significant rotation of the π-stacked fragments, although their 
(a) (b) 
A 
B 
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parallel-displaced arrangement was retained (cf. Figure 4(b) and Figure 5). Much like the 
dimer, the hydrogen-bonded monomer buckles out of the plane of the quinone ring, as also 
previously noted in the (pTQ)3– study.37 The calculated VDE of the trimer is 3.08 eV and has 
been included in Figure 2.  
Due to computational expense associated with the DFT optimisations and the 
additional ambiguity in assigning structures, the lowest energy structure of (pBQ)4– has not 
been computed. 
Figure 5 AMBER energy minimised configurations of (pBQ)3–. Different configuration 
classes are labelled as I – IV and their relative DFT computed optimisation energies are 
shown in brackets in meV. 
 
 
IV. Discussion 
A. Vertical detachment energies and cluster structures 
I (0) 
IV (170) 
II (80) 
IV (270) 
III (140) 
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Figure 1 shows that the peak assigned to direct detachment in (pBQ)n– has a similar 
spectral profile to that of pBQ–. As the clusters become larger, the binding energy increases. 
The spectral widths do not change appreciably between n = 1 and 2, but appear to become 
larger for n = 3 and 4, although these are also affected by the indirect features on either side 
of the direct detachment peak. The fact that the direct photoelectron spectra retain a similar 
shape suggests that the charge remains predominantly localised on one pBQ monomer, which 
is solvated by a neutral pBQ. This is consistent with the DFT calculations that show that the 
charge is predominantly localised on one monomer. In the case of the dimer, the ωB97XD 
computed Mulliken charges show that 93% of the net charge is localised on the non-buckled 
monomer. The computed charges of the trimer also show localisation but to a lesser extent, 
with 34% and 66% of the charge residing on the upper and lower π-stacked monomers 
labelled in Figure 4(b) as A and B, respectively. The wider charge distribution observed for 
the trimer could be attributed to the well-known delocalisation error in approximate DFT 
functionals, 52,53 where the charge is artificially delocalised in order to lower the energy of the 
system. It is well known that this error is highly sensitive to the amount of exact exchange. 
For comparative purposes, Mulliken charges of the trimer were also computed using Hartree 
Fock (HF) and BLYP, which represent the extreme cases of 100% and 0% exact exchange, 
respectively. HF/6-31+G* calculations showed enhanced localisation (94% of the excess 
charge on A), while BLYP led to essentially equal amounts on the dimer (55% on A), 
illustrating the sensitivity to the amount of exchange. As such, it is difficult to quantify the 
charge distribution, but from these results a degree of localisation can be inferred.   
The increase in VDE with each successive n can be explained in terms of the strength 
of the intermolecular binding present in the oligomer complexes. As the size of the anion 
clusters increase, so too does the number intermolecular electrostatic interactions, resulting in 
stronger binding for larger n. The interactions in the anions are generally stronger than in the 
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neutral because of the charge-induced electrostatic interactions. Hence, the cohesion energy 
in the anions is higher than in the neutral such that an incremental increase in VDE is 
observed with n. The computed VDEs are in good agreement with the experimentally 
determined energies, lying < 0.2 eV of the experimental values in all cases. Moreover, as 
shown in Figure 2, the overall trend is well captured qualitatively. However, the quantitative 
gradient of VDE(n) appears to be slightly underestimated. 
 Overall, the cluster structures determined by the calculations appear reasonable. Our 
only experimental probe for the structure is the photoelectron spectra and the VDE that can 
be extracted from these. Comparison of the computed and measured VDEs shows that they 
are in reasonable agreement. However, we note that the calculation of VDEs for different 
cluster structures and even in different cluster structure classes for the trimer leads to broadly 
similar VDEs. This is not wholly surprising given the fact that the charge is mostly localised 
in all clusters. Hence, there is some ambiguity about which structures are actually present in 
the ion packet under experimental conditions. In particular, because there are several 
structures that are relatively close in energy and lead to similar VDEs, a number of structures 
may be contributing to the ion packet for n = 3 and 4. This may in turn explain the 
broadening observed in the direct detachment peak for these two clusters. Nevertheless, we 
do expect relatively cold clusters as the electron attachment occurs at the throat of the 
expansion and most of the supersonic cooling occurs beyond this point. Note that we also see 
evidence of Ar clusters in the mass-spectrum indicating efficient overall cooling. 
 
B. Dynamics of resonances 
Present in the photoelectron spectra of n = 3 and 4 are additional features at eBE = 
~2.37 and 2.50 eV, respectively. These bands could arise from different cluster geometries. 
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However, as all reasonable structures generally give broadly similar VDEs, this seems very 
unlikely. Instead, for all clusters studied here, hv = 4.00 eV appears to excite a resonance in 
the systems as evidenced by the slow (thermionic) electrons being emitted. The 
photodetachment cross section measured by Brauman and coworkers shows that a broad 
resonance is present around pBQ– at 4 eV,24 which can be assigned to a higher-lying 2B3u 
state. However, for the monomer, this resonance does not lead to an observable change in the 
photoelectron spectrum and the 2D photoelectron spectrum showed no evidence for ground 
state reformation following excitation to this resonance.9 Given the evidence that the charge 
remains localised predominantly on a single pBQ within the clusters, it is reasonable to 
suggest that this same resonance is excited in the clusters.  The lower binding energy features 
seen in the n = 3 and 4 photoelectron spectra are likely due to dynamics of this resonance in 
the cluster. By inspection of Figure 1, the indirect photoelectron features appear to be at 
similar energies as that for the monomer, pBQ–. Specifically, if the ADE is traced down from 
pBQ– to (pBQ)3– and (pBQ)4–, as shown by the dashed line in Figure 1, then it is clear that 
this lines up well with the ADEs of the indirect features. Hence, we propose that these 
features arise from the detachment of the monomer following excitation of the cluster. This 
would of course require a dissociative process upon excitation to the resonance. The 
appearance of the monomer would then require two photons.  
Using the example of the (pBQ)3–, the proposed mechanism is given in Scheme 1. 
Absorption of the first photon by the cluster anion leads to excitation to a resonance after 
which, photodissociation ensues, forming the charged monomer and neutral dimer species (or 
complete dissociation into 3 monomers with one carrying the excess negative charge). The 
absorption of a second photon by pBQ– then generates the neutral monomer that is observed 
in the photoelectron spectrum of (pBQ)3–. 
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For both photons to be absorbed, the dynamics leading to dissociation must be on a 
timescale less than the laser pulse duration, which is ~ 5 ns. Excited state dissociation would 
unquestionably be faster. However, internal conversion of the resonance to form the ground 
state could also lead to dissociation because the 4 eV total energy imparted into the cluster is 
well above its binding energy. We note that the presence of thermionic emission evidences 
ground state reformation, so this is a possible mechanism. However, we cannot say whether 
thermionic emission is from the ground state of the cluster anion or from the monomer anion 
as there would be sufficient energy for either to lead to thermionic emission. From the 
spectral width in Figure 1, the direct detachment from the pBQ– fragment following (pBQ)3– 
dissociation is significantly broadened with respect to the photoelectron spectrum of pBQ–. 
This highlights that the pBQ– fragment produced has a large amount of internal energy. The 
spectral blue-shift of the binding energy then suggests a differing Franck-Condon profile at 
higher internal energies and we do observe also that the ADE is slightly shifted to lower 
energies, presumably because of hot band contributions to the photoelectron spectrum.  
Ultimately, it is not possible to ascertain with certainty whether photodissociation of the 
anion cluster occurs on the resonance or following internal conversion to the ground state of 
the anion. This could potentially be probed by time-resolved photoelectron spectroscopy, but 
these experiments are beyond the scope of this work. 
For (pBQ)4–, there is a further increase of spectral width as well as an increase in 
binding energy associated with the detachment band from the fragment. The increased width 
is not likely to be due to an increase in the internal energy of the pBQ– fragment as there are 
now more modes and the tetramer has a broadly similar binding energy as for (pBQ)3–. 
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Instead, the much-increased width suggests that there may be other products of the 
photodissociation. Specifically, Figure 1 shows a significant broadening of the indirect peak 
indicating that two components are required to reproduce the spectral shape and suggest that 
both the anionic monomer and dimer are produced in the dissociation process. As with the 
dissociation of the trimer, the width suggests that the fragments are produced with a large 
amount of internal energy. Nevertheless, the (pBQ)2– fragment appears to survive the 
dissociation on the timescale of ~5 ns. Our experiments cannot determine which fragment is 
dominant because of the unknown timescales involved in the process and the fixed laser pulse 
duration. Finally, we comment that a power dependence of the indirect versus direct 
detachment signals would have been useful as a further confirmation of the above 
assignment, but our signal levels were too low to convincingly do this.  
The experimental and computational results reveal similarities between (pBQ)n– and 
its methylated analogue, (pTQ)n–.37 The calculated minimum energy configurations of 
(pBQ)n– bear strong resemblance to those predicted for (pTQ)n–, n = 2 and 3. In both cases, 
the anion clusters adopt predominantly π-stacked arrangements, with both molecules 
exhibiting out-of-plane buckling of one monomer and charge localisation. For n = 3, both 
molecules adopt a parallel-displaced stacked arrangement with a third, hydrogen bonded 
monomer assembled in a distorted T shape. Similarly, the cohesion energy between the two 
clusters is broadly similar suggesting that the methyl group has a minor impact. In contrast, 
the anionic dimer of coenzyme Q0, (CQ0)2−, which has two additional methoxy groups on the 
ring side opposite to the methyl in pTQ, has a cohesion energy of ~1.0 eV for the dimer.54 
This increased binding can be correlated to the ability of (CQ0)2− to form additional hydrogen 
bonds. 
Some of the commonalities between (pBQ)n– and (pTQ)n– also extend to their 
spectroscopic properties. Dissociation was also observed in (pTQ)2–. Comita and Brauman 
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identified a bound state at 1.9 eV, which dissociated to form the monomer anion that was 
observed in the experiment.24 Dissociation was also inferred from photoelectron spectra 
following excitation of resonances at hv ~ 3 eV.37 However, poor signal-to-noise meant that 
we could not explore the photoelectron spectroscopy of the (pTQ)2– at hv = 4.00 eV as probed 
here. In contrast, (pTQ)3– did not show evidence of dissociation, including at hv ~ 4 eV. 
Instead, for 2.5 < hv < 3.4 eV, internal conversion to form a non-valence state was 
observed.38 The same mechanism was also observed in (CQ0)2− around the detachment 
threshold,54 which also did not show dissociation at hv ~ 4 eV.  
Unfortunately, we could only conduct the present experiments at a single photon 
energy. It would be interesting to perform 2D photoelectron spectroscopy to probe the photon 
energy dependence of the dissociation, similar to the dissociation we previously observed in 
p-dinitrobenzene,55 but this would require much higher signal levels than are currently 
attainable.  
 
V. Conclusion 
In conclusion, we have presented the photoelectron spectroscopy of p-benzoquinone 
cluster anions, (pBQ)n−, with n = 1 – 4 at hv ≈ 4.00 eV together with calculations aimed at 
identifying possible structures. The spectra reveal that the vertical detachment energy of the 
clusters increases incrementally by ~ 0.4 eV, which can be explained in terms of the cohesion 
energy of the cluster. Electronic structure calculations identify the most probable structure for 
(pBQ)2−, while for (pBQ)3−, a number of structures are possible and will likely contribute to 
the spectrum. The predicted structures are consistent with those calculated for related quinone 
clusters. For all clusters, thermionic emission is observed suggesting that resonances are 
excited at hv = 4.00 eV, leading to the formation of ground state anions with large amounts of 
19 
excess energy. For n = 3 and 4, fragmentation is additionally observed in the spectra with 
signatures of photodetachment from the monomer anion for n = 3 and the monomer and 
dimer anions for n = 4. Our results show the complex dynamics occurring in these relatively 
simple clusters, despite the accessed excited states lying energetically in the detachment 
continuum.  
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